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INTRODUCTION 

The  major  objective  of  this  study  was  to  quantify  immunotoxic  effects  of  xenobiotics  on 
the  Japanese  medaka  (Oryzias  latipis).  During  the  first  year,  while  details  of  medaka  husbandry 
were  being  woiked  out,  some  initial  immunotoxicological  studies  were  carried  out  (m  the  Eastern 
oyster  {Cmssostrea  virgimca).  Oysters  were  routinely  maintained  in  flow-through  estuarine 
aquaria  in  our  controlled  envirmimental  laboratoiy.  Initial  attempts  to  obtain  peripheral  blood 
and  peritoneal  macrophages  from  medaka  w^  unsuccessful,  in  dtat  insufficient  cells  were 
(Stained  to  cany  out  the  desired  immunoassays.  However,  oyster  hemocytes  (macrc^hages) 
were  abundant  and  were  used  to  estimate  the  potential  difficulty  of  ariapring  mammalian 
immunoassays  for  aquatic  species.  When  it  was  determined  that  phagocytes  in  adequate  numbers 
could  be  obtained  from  medaka  pronq)hros,  the  oyster  hemocyte  studies  were  phased  out  and 
the  effort  was  concentrated  on  medaka  macropbiges.  The  macrophage  is  particularly  valuable 
in  immunotoxicology  testing  because  it  not  only  participates  directly  in  the  destruction  of 
pathogenic  microbes,  but  also  modulates  lymphocytes  via  cytokines  and  is  involved  in  antigen 
processing  and  presentation.  This  study  has  ccmcentrated  on  macrophage  bactericidal  activity  (as 
measured  by  the  chemically-induced  modulation  of  macrophage-generated  reactive  oxygen 
intermediates);  macrophage  bactericidal  activity  has  been  validated  as  a  sensitive  and  predictive 
immunoassay  in  mice  and  rats  (Naticmal  Research  Council,  1992). 

It  has  been  known  for  some  time  that  the  process  of  phagocytosis  by  mammalian 
polymorphonuclear  leukocytes  (PMNs)  and  macrophages  is  accompanied  by  an  abrupt  increase 
in  oxygen  uptake,  followed  by  the  production  of  cytotoxic  reactive  oxygen  intermediates  (ROl) 
(See  reviews  by  Badwey  and  Kamovsky,  1980;  Beaman  and  Beaman,  1984;  Fridovich,  1988). 
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It  is  accepted  that  the  first  reaction  in  the  respiratory  burst  is  the  one  electron  reduction  of 
oxygen  to  superoxide  (OO  catalyzed  by  NADPH  oxidase  associated  with  the  phagocyte 
membrane.  Superoxide  anions  are  converted  to  hydrogen  peroxide  (HjOj)  by  the  cytoplasmic 
enzyme  superoxide  dismutase  (SOD)  (Fridovich,  1988).  Superoxide  and,  to  a  greater  extent, 
HjO}  are  highly  reactive  and  toxic  ROIs;  HjOj  in  conjunction  with  myeloperoxidase  (MPO)  and 
a  halide  forms  the  basis  of  a  potent  leukocyte  antibacterial  system  (Klebanoff,  1968).  C^her 
toxic  ROIs  can  also  be  generated,  such  as  hydroxyl  radicals  (.OH)  and  singlet  oxygen  (‘O2). 
Singly  or  collectively,  these  ROIs  can  participate  in  the  cell-mediated  destruction  of  bacteria, 
fungi,  and  protozoa.  The  phagocytes  have  detoxification  enzymes  to  protect  themselves  against 
auto-oxidative  damage,  these  include  SOD,  glutathione  peroxidase,  catalase,  certain  vitamins  that 
are  radical  scavengers,  etc. 

Hemocytes  from  several  moUuscan  species  seem  to  undergo  a  typical  respiratory  burst 
with  concomitant  ROI  production.  Early  attempts  to  measure  increased  oxygen  uptake  and/or 
MPO-halide-H202  system  activity  by  phagocytosing  clam  hemocytes  were  unsuccessful  (CJieng, 
1976).  However  in  1985,  O^  production  in  stimulated  snail  hemocytes  was  reported  by 
Dikkeboom  et  al  (1985)  and  H2O2  production  by  resting  and  stimulated  scallop  hemocytes  was 
shown  by  Nakamura  et  al.  (1985).  Papers  on  ROI  production  by  molluscan  hemocytes  have 
proliferated  since  that  time.  In  a  1991  review  of  this  subject,  Adema  et  al.  (1991)  cite  14 
references  on  ROI  activity  in  13  ^)ecies  of  gastropods  and  bivalves.  In  these  papers  O2  was 
measured  by  reduction  of  NBT  or  cytochrome  c,  and  HjOz  was  measured  by  colorimetric  assays 
(diaminobenzidine  or  phenol  red  oxidation)  or  in  fluorescence  assays  (homovanillic  acid). 
Cellular  chemiluminescence  (CL),  in  the  presence  of  signal-amplifying  probes,  was  also  used  as 
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an  indicator  of  ROI  production.  The  CL  method  does  not  yield  quantitative  information  on 
particular  ROI  species;  the  contribution  of  or  H2Q2  to  die  CL  signal  can  be  estimated  by  the 
use  of  appropriate  enzymatic  inhibitors.  It  is  widely  accepted  that  the  CL  response  of  fdiagocytes 
is  correlated  with  bactericidal  activity  associated  with  the  respiratory  burst  (Welsh,  1980;  Horan 
et  al.,  1982),  and  the  method  has  been  specifically  recommended  for  use  with  Hsh  and  shellfish. 
The  detection  of  luminol-augmented  CL  using  stimulated  hemocytes  has  been  used  to  estimate 
ROI  production  in  several  bivalves  such  as  Crassostrea  virginica,  (Larson  et  al.,  1989) 
Crassostrea  gigas,  and  Ostrea  edulis  (Bach^re  et  al.,  1991),  and  Pectin  maximus  (LeGall  et  al., 
1991).  Likewise,  CL  assays  indicate  ROI  induction  after  stimulation  of  hemocytes  f:  m 
gastrcqxxls  including  Lymnaea  stagncdis  (Adema  et  al.,  1991),  Helix  aspersa  (Dikkeboom  et  al., 
1988),  and  Achatina  achatina  (Adema  et  al,  1992). 

The  CL  response  of  oyster  (Crassostrea  virginica)  blood  cells  either  exposed  in  vitro  or 
collected  from  oysters  after  various  periods  of  in  vivo  exposure  to  selected  heavy  metals, 
pesticides  or  other  organic  compounds,  was  measured  by  Larson  et  al  (1989).  They  found  that 
copper  in  both  in  vivo  and  in  vitro  studies,  was  the  most  effective  agent  tested  with  regard  to 
abili^'  to  depress  the  CL  response,  although  uiosl  of  the  compounds  appeared  to  suppress  CL, 
particularly  at  high  exposure  levels.  Certain  compounds,  such  as  cadmium,  aluminum,  zinc, 
dieldrin  aiKl  naphthalene,  apparently  caused  increased  CL  at  low  levels,  but  this  effect  was 
usually  reversed  at  higher  concentrations. 

Fisher  et  al.  (1990)  reported  that  in  vitro  tributyltin  (TBT)  treatment  of  hemocytes  from 
C.  virginica  or  C.  gigas  produced  slight  stimulation  at  low  concentrations  (0.4  ppb),  followed 
by  dose-dependent  suppression  of  CL  at  higher  concentrations.  The  suppressive  TBT 
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concentrations  (40-400  p{^)  exceeded  those  found  in  most  environmeittal  samples;  noo^heless, 
hemocytes  of  fiel<*  exposed  oysters  are  probably  exp(»ed  to  high  TBT  levels  as  a  result  of 
bioaccumuladoo. 

Work  in  this  laboratory  has  demonstrated  the  immunosuppressive  effect  of  cadmium  on 
oyster  hemocyte  CL  (Anderson  et  al.,  1992).  When  the  cells  were  exposed  in  vitro  to  sublethal 
cadmium  levels,  a  dose-dependent  inhibition  of  ROI  production  was  consistently  recorded. 
Phagocytically-induced  CL  was  inhibited  by  >2ppm  (3d,  and  this  inhibition  was  shown  to  be  a 
function  of  intracellular  cadmium  concentration.  Similar  chemically-induced  inhibition  of 
iuminol-augmented  CL  responses  of  oyster  hemocytes  have  also  been  produced  by  exposure  to 
particulate  brass,  copper,  and  pentachlort^enol  (Roszell  and  Anderson,  1992;  Anderson  et  al., 
1992;  1993).  Such  evidence  implicates  these  xenobiotics  as  potential  immunotoxicants,  by 
extension  of  the  criteria  already  devek^)ed  for  mammals  (Tam  and  HinsdiU,  1990). 

Aerobic  killing  by  mammalian  phagocytes  is  mediated  by  ROIs  produced  subsequent  to 
the  reduction  of  molecular  oxygen  to  via  a  membrane-associated  NADPH  oxidase.  Its 
components  form  an  electron  transport  chain  with  a  flavoprotein  component  accepting  electrons 
from  NADPH,  transferring  them  to  O2  via  cytochrome  b.  Secombes  et  al.  (1992)  presented 
evidence  that  fish  macrophages  also  have  a  cytochrome  b  component  of  the  NADPH  oxidase 
similar  to  that  typical  of  mammals.  Furthermore,  specific  inhibitors  of  the  flavt^rotein  and 
cytochrome  b-M  components  of  NADPH  oxidase  were  both  shown  to  inhibit  the  respiratory  burst 
activity  of  trout  macrophages. 

As  previously  mentioned,  luminol-enhanced  blood  cell  chemiluminescence  ((3L)  is  one 
of  the  most  frequently  used  techniques  to  quantify  ROI  production.  This  method  has  been 
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applied  to  blood  cells  from  various  species  of  fish.  The  CL  response  of  pronephros  ceils  from 
Morone  saxatilis  was  measured  after  exposure  to  bacterial  pathogens  (Stave  et  al.,  1983). 
Various  pbagocyteibacteria  ratios  were  employed,  each  producing  somewhat  different  CL 
responses  with  regard  to  the  magnitude  of  the  activity  and  the  individual  kinetics,  in  addition 
to  bacteria,  both  particulate  (zymosan)  and  soluble  (phoibol  myristate  acetate)  classical  activates 
of  CL  by  mammalian  leukocytes  were  shown  to  be  effective  with  fish  cells  (Stave  et  al.,  1984). 
Prior  incubation  of  test  particulates  with  various  serum  preparations  has  been  generally  found  to 
enhance,  or  opsonize,  phagocytic  activity  of  fish  leukocytes  based  on  measurements  of  CL 
activity  (Scott  and  Klesius,  1981).  For  example,  channel  catffsh  peripheral  blood  leukocytes, 
when  mixed  with  Edwardsiella  ictaluri  previously  incubated  with  autologous  immune  serum, 
produced  an  elevated  CL  response,  as  compared  to  that  elicited  by  untreated  on  nonimmune 
serum  treated  E.  ictaluri  (Scott  et  al.,  1985).  The  opsonic  activity  of  immune  serum  was 
attributed  to  the  presence  of  both  specific  antibodies  and  complement. 

Preliminary  studies  suggest  that  fish  i^gocytes  show  significantly  reduced  CL  activity 
following  in  vitro  or  in  vivo  exposure  to  xenobiotics.  Elsasser  et  al.  (1986)  studied  the  CL 
response  of  rainbow  trout  pronephros  phagocytes  to  Staphylococcus  aureus  after  exposure  to 
various  metals.  They  found  that  copper  was  particularly  effective  in  reducing  macrophage  CL, 
which  might  explain  the  observations  that  copper  exposure  can  predispose  fish  to  infection  when 
challenged  with  viral  (Hetrick  et  al.,  1979)  or  bacterial  (Knittel,  1981)  pathogens.  Warinner  et 
al.  (1988)  examined  the  response  of  kidney  phagocytes  from  control  and  pollutant-exposed  ffsh. 
The  zymosan-elicited  CL  response  in  spot  {Leiostomus  xamhrus)  collected  from  the  PAH-polluted 
Elizabeth  River  was  negligible  compared  to  the  response  from  spot  from  the  York  River  (a  more 


5 


pristine  site).  This  same  suppression  of  phagocyte  CL  could  be  induced  under  laboratory 
conditions  by  exposing  spot  to  contaminated  Elizabeth  River  sediments.  Exposure  of  dab 
{Umanda  limanda)  to  sewage  sludge  also  inhibited  the  respiratory  burst,  as  indicated  by  reduced 
production  (Secombes  et  al.,  1991). 

The  inhibitory  effects  of  in  vitro  exposure  to  tributyldn  (TBT)  on  CL  of  phagocytes  from 
kidneys  of  three  species  of  estuarine  fish  were  studied  by  Wishkovsky  et  al.  (1989).  Other 
investigators  also  found  that  similar  concentrations  of  TBT  ( ~500  ii%l\)  inhibited  CL,  but  a  lower 
dose  (50  fig/1)  was  stimulatory  when  oyster  toadfish  macrophages  were  exposed  in  vitro  (Rice 
and  Weeks,  1989).  The  opposing  effects  were  attributed  to  changes  in  calcium  flux  across  the 
hemocyte  membrane  induced  by  different  concentraticMis  of  TBT.  Peritoneal  macrophages 
removed  after  in  vivo  exposure  of  the  fish  to  TBT  showed  a  dose-dependent  suppression  of  CL 
(Rice  and  Weeks,  1990). 

Exposure  of  medaka  (Orydas  latipes)  pronephros  phagocytic  blood  cells  to  a  ubiquitous 
envirorunental  contaminant,  pentachlorophenol  (PCP),  produced  a  dose-dependent  inhibition  of 
phagocytically-induced  CL  (Anderson  and  Brubacher,  1992;  1993).  PCP  also  produced 
decreased  resistance  to  bacterial  infection  in  the  clam,  Mercenaria  mercenaria,  as  a  consequence 
of  impaired  hemocyte-mediated  antibacterial  capacity  (Anderson  et  al.,  1981 ;  Anderson,  1988). 
One  could  reasonably  ^)eculate  that  this  was  due  to  decreased  ROI  production.  With  regard  to 
the  effects  of  analytical  grade  PCP  on  phagocyte  function  in  fish  and  bivalves,  it  is  interesting 
to  note  that  2,4-dinitrophenol,  another  uncoupler  of  oxidative  phosphorylation,  will  inhibit 
superoxide  release  and  CL  by  rat  and  rabbit  alveolar  macrophages  (Miles  et  al.,  1977; 
Castranova  et  al.,  1987). 


METHODS 


% 
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1.  Preparation  of  Macrophages  (Medaka) 

Medaka  were  stunned  by  a  rapid  blow  to  the  head  and  immediately  decapitated.  Head 
kiduQT  (pronq)hros)  tissue  was  collected  and  pooled  in  2  ml  of  augmented  Leibovitz  medium 
(LIS,  see  chemiluminescence  protocol  for  formulation).  Tissue  was  transferred  in  a  total  of  4 
ml  aug.  L15  to  a  Dounce  tissue  grinder  on  ice  and  gently  disrupted  by  20  strokes  with  pestle  A 
('-9-17^m  clearance)  and  IS  strokes  with  pestle  B  ('-3-9  urn  clearance).  Cell  clumps  and  odier 
material  were  allowed  to  settle  for  2-3  min  and  the  overlying  cell  suspension  transferred  to  a 
sterile  conical  tube.  The  cell  peculation  appeared  to  be  quite  homogeneous  and  was  >96% 
positive  for  nonspeciEc  esterase  (a  marker  enzyme  for  macrophages);  therefore,  no  further 
attempts  were  made  to  fractionate  it  by  density  gradient  centrifugation  or  otherwise  enrich  it  for 
macrophages.  The  cell  sucension  was  introduced  to  both  chambers  of  a  standard 
hemacytometer,  counted,  and  finally  adjusted  to  2X10^/ml. 

2.  Luminol-augmented  Chemiluminescence  (CL) 
a.  CL  by  Oyster  Macrccbages 

1.  Hemolymph  (-6  ml)  from  4-7  oysters  was  withdrawn  from  the  adductor 
muscle  hemolymph  sinus  and  held  in  a  plastic  tube  on  ice  to  minimize  cell  clumping.  One  ml 
hemolymph  aliquots  were  introduced  into  pony  liquid  scintillation  counter  vials.  Half  ml  aliquots 
from  each  pool  were  saved  for  total  hemocyte  count  determinations. 

2.  Oyster  serum  contains  proteins  that  can  bind  metals,  therd>y  reducii^  their 
availability  (and  toxicity)  to  the  hemocytes;  therefore,  the  aliquots  were  centrifuged  (525xg,  10 
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min,  21  °C),  the  serum  removed,  and  the  cell  resuspended  in  sterile  (filtered,  0.4S  urn  pores) 
ambient  estuarine  water  (18  ppt)  contaming  S.5  mM  dextrose;  this  was  termed  "FA”. 

3.  Exposure  procedure:  hemocytes  in  1  ml  FA,  0.3  ml  toxicant  solution,  20/il 
antibiotic/antimycotic  solution  (200  U  penicillin  G,  0.2  mg  strq)tomycin,  0.5  ng  amphotericin 
B),  were  incubated  in  the  dailr  for  3h  at  2PC.  Controls:  hemocytes  in  1.3  ml  FA,  20  /il 
antibiotic/antimycotic  solution.  Incubated  as  per  exposed  samples. 

4.  After  incubation,  one  ml  250  nM  himinol  was  atkted  and  die  resting 
(unstimulated)  CL  was  recorded  for  10  min  in  a  Packard-Tri-carb  1900  CA  liquid  scintillaticHi 
counter  with  single  photon  monitor.  Hien  0.2  ml  of  heat-killed  yeast  suspension  (10  mg  bakns 
yeast/ml  FA)  was  added  to  each  tube  and  the  phagocytically-induced  CX  recorded  for  at  least  one 
hour. 

b.  Luminol-augmented  Chemiluminescence  (Medaka  Macrophages) 

1.  Place  1.0  ml  aliquots  of  ceil  suspension  (2  X  10^  macrophages/ml  aug. 
L15)  into  small  (pony)  scintillation  vials.  This  and  all  following  steps  are  carried  out  with  dail- 
adapted  (>24  hr)  vials  and  reagents,  in  a  dark  nx>m  under  dim  red  illumination. 

2.  Tubes  are  centrifuged  (10  min,  21  °C,  300  xg)  and  supernatants  r^iaced 
by  1.0  ml  aug.  L15  (controls)  or  1.0  mil  aug.  L15  containing  toxicant  (experimentals). 
Resu^nd  cells  and  incubate  1-20  hr  in  the  dark  (21  °C). 

3.  Centrifuge  control  and  experimental  tubes  (10  min.,  21°C,  3(X)xg),  discard 
all  supernatants  (to  remove  toxicant)  and  resuspend  in  aug.  LI  5.  C^any  out  viability  studies 
(trypan  blue  exclusion)  on  one  drop  of  each  cell  suspension. 


4.  Add  50^1  ImM  luminol  to  each  vial,  mix  gently  and  place  in  Packard  Tri- 
carb  1900  CA  liquid  scintillation  analyzer  operated  in  single  photon  counting  mode,  60%  voltage 
to  photomultiplier  tube,  static  suppression  off.  Count  each  sanq>le  fm*  0.33  min  a  least  3-4 
cycles  to  establish  background  (resting)  CL. 

5.  Add  0.1  ml  yeast  solution  to  each  vial,  count  each  vial  in  scintillaticm 
analyzer  as  above;  0.33  min  counts  are  made  sequentially  for  at  least  2  hr  to  establish  the 
kinetics  of  the  phagocytically-induced  CL  respmise. 

Solutions: 

Augmented  L15:  5%  fetal  calf  serum,  3%  antibiotic-antimycotic  solutitui,  in  Leibovitz 
L15  medium  (Sigma  Chemical  Co.).  Filter  sterilize  (0.2^m  filter)  and  store  at  4‘’C. 

Xsasi:  2g  dehydrated  bakers  yeast  is  resuspended  in  50  ml  sterile  phosphate  buffered 
saline  (PBS,  Sigma  Chemical  Co.)  and  autoclaved.  Yeast  is  washed  2x  in  sterile  PBS, 
resuspended  in  50  ml  sterile  PBS,  divided  into  1  ml  aliquots  and  stored  at  -20'*C.  Prior 
to  use  thaw  aliquot  and  determine  the  numbers  of  yeast  cells  present/ml  with  a 
hemacytometer.  Adjust  yeast  to  4  x  lOVO.  1  ml  PBS.  Addition  of  0. 1  ml  yeast  solution 
to  macrq)hage  suspension  should  give  a  ratio  of  20  yeast  cells/macrophage. 

Luminol:  Stock  soln:  0.014g  luminol,  0.618g  boric  acid,  0.780g  KOH  in  10  ml  sterile 
water,  equals  7.9  mM  (method  of  Scott  and  Klesius,  1981).  Stock  solution  can  be  kept 
at  -20°C  for  one  week.  Working  stock  (1  mM)  is  made  by  diluting  1  ml  of  stock  (7.9 
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mM)  in  6.9  ml  Hanks  balanced  salt  solution.  Working  stock  should  be  added  to  CL 
tubes  within  2  hrs  of  preparation  and  kept  in  the  dailc. 


3.  Extracellular  Superoxide  Anion  Generation  by  Medaka  Macrc^iages  via  PerricytDchrome  c 

a.  Place  1.0  ml  aliquots  of  cell  suspension  (2x10^  macrophages/ml  aug.  PBS)  into 
conical  plastic  centrifuge  tubes,  centrifuge  (10  min.,  21°C,  3(X)  xg).  Rqplace 
supernatant  with  1.0  ml  aug.  PBS  (controls)  or  1.0  ml  aug.  PBS  cmitaining 
toxicant  (experimentals).  Resuspeml  cells  and  incubate  1-20  hrs  (21  "Q. 

b.  Centrifuge  (10  min.,  21**C,  300  xg)  and  discard  supernatant  (toxicant). 
Resuqiend  cells  1.2  ml  cytochrome  c  (80mM)  for  ”unstimulated”  sample, 
resuspend  second,  identical  aliquot  in  1.2  ml  cytochrome  c  (80mM)  containing 
lO^iM  frfiorfool  myristate  acetate  (PMA)  for  the  "stimulated”  sam{4e.  To  an  empty 
conical  tube  add  1.2  ml  cytochrome  c  (80mM)  for  the  "cell-fee  control"  sanq>le. 

c.  Incubate  tubes  at  21  °C,  with  gentle  agitation  every  IS  min.,  for  60  min. 
Cmtrifuge  (10  min.,  21 ’’C,  525xg). 

e.  Read  O.D.  of  supernatants  at  550  nm  vs.  "cell-free  control"  tubes. 

f.  Calculate  generated  using  extinction  coefficimit  for  reduced  cytochrome  c. 


AEj5o^  »  21x10*  * 

Calculate  %  modulation  of  Oj  produced  by  exposure  to  toxicant  concmitrations. 
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Solutions: 

Augmented  PBS:  5%  fetal  calf  serum,  3%  antibiotic-antimycotic  solution,  0.1%  dextrose 
in  pho^hate  buffered  saline  (PBS),  ail  from  Sigma  Chemical  Co.  Filter,  sterilize 
(0.2Mm)  and  store  at  4°C. 

Cytochrome  c  solution:  9.9  mg  ferricytochrome  c  (Sigma  #C-2506)  from  horse  heart 
(type  3)  in  10  ml  aug.  PBS,  (80/iM).  within  1  hr. 

PM  A:  2mM  stock  solution:  lOmg  PMA  (phorbol  12-myristate  13  acetate,  Sigma  #P- 
8139)  in  8.106  ml  dimethylsulfoxide  (DMSO).  Freeze  lOOul  aliquots,  store  at  -20°C  in 
dark.  One  hour  prior  to  use:  dilute  2mM  stock  PMA  in  80/iM  cytochrome  c  to  yield 
lOnM  PMA  in  cytochrome  c  solution. 

4.  Hydrogen  Peroxide  Assay  (Medaka  Macroidiages) 

a.  Introduce  1  ml  aliquots  of  macn^bage  suspmision  (2  x  10^  cells)  to  sterile  plastic 
test  tubes;  4  tubes  will  be  required  for  each  toxicant  dilution  tested.  Cmitrifuge 
tubes  (10  min.,  21^,  250  xg),  discard  siqjematants,  and  resuspend  cells  in 
xenobiotic  solutions  in  1  ml  aug.  PBS  (experimentals)  or  1  ml.  aug.  PBS 
(controls).  Incubate  1-20  hrs  at  21  "C. 

b.  Centrifuge  tubes  (10  min.,  2VC,  250  xg)  replace  supernatants  with  1 .2  ml  phenol 
red  solution  (PRS)  without  PMA  (unstimulated  samples)  or  1 .2  ml  reS  containii^ 
KhiM  PMA  (phorbol  myristate  acetate-stimulated  samples).  Incubate  tubes  60 
min.  at  21  °C,  with  gentle  agitation  every  15  min. 
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c.  Centrifuge  tubes  (10  min.,  2PC,  525  xg)  and  transfer  supernatants  to  tubes 
containing  lO/il  IN  NaOH.  Read  O.D.  at  610nm  against  1.0  ml  reS  plus  10  lil 
IN  NaOH. 

d.  Calculate  HjOi  generated  by  unstimulated  and  stimulated  macrt^rfiages  using 
stamiard  curve. 

e.  Standard  curve:  Prepare  -O.OIM  HjOj  by  diluting  1 .02  ml  30%  H2O2  to  KXX)  ml 
with  distilled  water;  actual  concentration  is  determined  by  the  extinction 
coefficient  =  81  x  M  '  cm  '.  Prepare  a  series  of  dilutions  of  this  stock  in 
distilled  water  in  the  range  0.1  -  IOOmM  HjOj.  Add  lO/xl  of  each  dilution  to  1 
ml  PRS,  incubate  5  min.  at  21  °C.  Add  lO/xl  IN  NaOH  to  each  sample  and  read 
against  a  mixture  of  1  ml  PRS  +  10  fil  H2O  +  10  /xl  IN  NaOH  at  610  nm. 
Construct  standard  curve. 


Solutions 

Aug.  PBS:  5%  fetal  calf  serum,  3%  antibiotic-antimycotic  solution,  and  0.1%  dextrose 
in  pho^hate  buffered  saline  (PBS,  all  chemicals  from  Sigma  Chemical  Co.). 


must  be  used  within  1  hr 


aug.  PBS .  98  parts 

phenol  red  stock  ....  1  part 

MRPO  stock .  1  part 
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phenol  red  stock:  O.lg  phenol  red/10  ml  distilled  water.  This  solution  (0.Q28M  |dienol 
red)  is  stable  -6  mo.  at 

HPRQ  rhofseradish  peroxiAwe^  stock :  5  mg  HRPO  (type  U,  salt-free,  Sigma  #P-8250)/ml 
sterile  PBS.  Usually  made  in  10  ml  lots,  subsequently  divided  into  500^1  aliquots,  stored 
at  -20®C. 

PMA  solution:  10  mg  PMA  (phorbol  12-myTistate,  13-acetate,  Sigma  #P-8139)  b 
dissolved  in  8.106  ml  dimethyl  sulfoxide  to  give  a  2mM  PMA  stock  solution.  Thb  b 
divided  into  small  (-SOOmI)  aliquots  and  stored  at  -20°C.  The  PMA  stock  soluti<ni  b 
further  diluted  in  PRS  to  obtain  a  final  concentration  of  10  nM. 

5.  Intracellular  Superoxide  Production  (NBT  Reduction) 

a.  NBT  Reduction  (Pyridine  Extraction)  by  Oyster  Macrqriiages 

1.  Hemolymph  samples  were  withdrawn  from  the  adductor  muscle  sinus  of 
oysters  held  for  > 2  wedcs  in  flow-through  estuarine  water  (15'’C,  18  ppt  salinity).  Hemolymph 
samples  fiom  several  oysters  were  pooled  to  obtain  about  6.5  ml  and  held  on  ice  to  reduce  cell 
clunqnng  and  gently  mixed  to  obtain  a  uniform  su^)ension.  Celb  in  thb  su^)ension  were 
quantified  in  a  hemacytometer. 

2.  Duplicate  2.0  ml  aliquots  of  hemolynq)h  were  adtfed  to  sterile  plastic  te^ 
tubes.  One  tube  received  1  ml  of  0. 1  %  nitroblue  tetrazolium  (NBT)  in  filter-sterilized  (0.45Min) 
irfiosphate  buffered  (O.OIM,  pH  7.4)  sodium  chloride  (18  n>t),  referred  to  as  "estuarine  buffer: 
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(EB),  plus  0.2  ml  yeast  suspension  (10  mg/ml  EB);  this  is  tte  stimulated  sample.  The  second 
tube  (the  unstimulated  sample)  received  1  ml  of  0.1  %  NBT  in  EB  plus  0.2  ml  EB. 

3.  Incubate  the  tubes  60  min  at  21  "C,  and  transfer  contents  to  ccmical  glass 
centrifi^e  tubes.  The  plastic  tubes  are  washed  2x  with  2  ml  IN  HCI  (total  4  ml)  and  wash  fluid 
added  to  the  cmitrifuge  tubes.  The  tubes  were  mixed  vigorously  and  coitrifuges  (10  min,  4'’C, 
1250xg)  and  the  supernatants  discarded  and  replaced  by  1.2S  mi  pyridine.  The  reduced  NBT 
(blue  fOTmazan)  was  extracted  by  placing  the  tubes  in  a  boiling  water  bath  for  30  min,  in  a 
chemical  fume  hood.  Tubes  were  cooled,  centrifuged  (10  min,  4‘'C,  525xg)  and  the  supernatants 
read  vs  pyridine  at  515  nm. 

b.  Pyridine  Extraction  Method  (Medaka  Macrophages) 

1.  Introduce  1  ml  of  macrophage  suspension  (2  x  10^  cells)  into  sterile  test 
tubes,  centrifuge  (10  min.,  21  °C,  250  xg),  discard  supernatants,  and 
resu^nd  cells  in  xenobiotic  solutions  in  1  ml  aug.  L15  (experimentals) 
or  1  ml  aug.  L15  (controls).  Duplicate  experimental  and  cratrol  tubes 
will  be  required.  Incubate  1-20  hrs  at  21  °C. 

2.  Centrifuge  tubes  (10  min.,  21  "C,  250  xg)  and  replace  all  supernatants  with 
1.0  ml  aug.  L15,  and  resuspend  cells. 

3.  Procedure  with  experimental  (e;qx)sed)  macrc^hages 
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nnstimulated 

srimnlaterf 

ccll-frec  wflirol 

NBT  solution 

1.0  ml 

1.0  ml 

1.0  ml 

Macrc^ges  (2  x  10^ 

1.0  ml 

1.0  ml 

— 

Yeast  su^mision 

Aug.  L15 

: 

0.2  ml 

1.2  ml 

PBS 

0.2  ml 

Incubate  above  preparations  60  min.  at  21  witii  gentle  agitation  every  15  min.  Add  2  ml  IN 
HQ  to  each  tube  and  transfer  to  conical  glass  centrifuge  tubes;  add  an  additional  2  ml  IN  HQ, 
mix  and  transfer  tiiis  also  to  the  conical  glass  centrifuge  tubes.  All  cellular  material  and 
particulates  should  be  transferred  to  the  glass  tubes.  Centrifuge  (20  min.,  21»C,  125  xg), 
discard  supernatant  and  resuspend  tiie  pellet  in  1.25  ml  pyridine  (Sigma  #  P-4036).  Mix  well, 
cover  tubes  with  foil,  place  in  boiling  watm*  bath  for  30  min.  in  a  chemical  fume  hood.  Cool 
tubes  in  hood.  Centrifuge  (10  min.,  2rc,  525  xg)  and  read  O.D.  of  siqwmatant  at  515  nm  vs. 
a  pyridine  blank. 

4.  Procedure  with  control  (unejqx>sed)  macrophages:  this  is  carried  out 
exactly  as  with  exposed  macit^Aages  (see  #3  above). 

5.  Calculations:  subtract  the  cell-free  control  values  from  the  nominal 
unstifflulated  and  stimulated  values  oiHained  in  #3  and  #4  above.  This  will 
give  the  actual  NBT  reduction  values  for  the  unstimulated  macrt^hages 
and  the  phagocytically  stimulated  macrophages.  ^  comparing  tiiese  sets 
of  values  for  unesposed  cells  vs.  xenobiotic  exposed  cells,  one  can 
calculate  the  %  inhibition  of  NBT  reduction  (C^  generation)  by  resting 
and/or  stimulated  cells. 
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Solutions 

Aug  L12:  5%  fetal  bovine  serum  (Sigma  #F4884)  and  3%  antibiotic-antimycotic 
solution  (Sigma  #A9909)  in  Leibovitz  LIS  medium  (Sigma  #L4386). 

NBT  solution:  Concentrated  stock  solution  is  0.2%  nitroblue  tetrazolium  in  pho^)hate 
buffered  saline  (PBS);  this  is  filtered  (0.45  iim)  and  stored  at  4‘*C.  The  NBT  solution 
used  in  this  assay  is  0.1  %  in  PBS,  made  by  1:1  dilution  of  the  stock  solution  in  PBS,  and 
is  used  within  3  hrs. 

Yftast  qinjpfinsi^n'  Dehydrated  bakers  yeast  (Sigma  #YSCQ2)  is  resu^)ended  in  PBS 
(2g/50  ml),  autoclaved,  washed  2x  with  PBS,  divuted  into  small  aliquots  and  stored  at 
-20°C.  Prior  to  use,  the  actual  yeast  particle  numbers  in  the  suspensimi  are  determined 
with  a  hemacytometer,  and  the  wofldng  yeast  su^pensitm  prepared  (4  x  10^  yeast 
particles/0.2  ml  PBS,  to  give  a  ratio  of  20  yeast :  1  macrophage  in  the  assay). 

c.  DMSO  Extraction  Method  (Medaka  Macrc^hages) 

1.  Prepare  tubes  and  carry  out  xenobiotic  exposures  as  per  #1.  in  pyridine 
extraction  method  (above). 

2.  Centrifuge  tubes  (10  min.,  21*’C,  250  xg)  and  resuspend  exposed  and 
unexposed  macroptu^es  as  follows: 
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unstimulated 

stimulaied 

cell-free  control 

NBT  solution  (0.1%) 

2  ml 

2ml 

2  ml 

PMA  solution  (ImM) 

— 

0.022  ml 

— 

Aug.  L15 

0.2  ml 

0.178  ml 

0.2  ml 

macrofdiage  pdlet 
(2  X  10*  cells) 

+ 

+ 

— 

3.  Incubate  tubes  60  min.  at  21**C. 

4.  Centrifuge  (10  min.y  IFC,  S2S  xg),  discard  siq)erDatant.  Add  2  ml  70% 
MeOH  (mediyl  alcohol),  resuspend,  centrifuge  (10  min.,  21  “C,  S2S  xg), 
discard  supernatant.  Resu^xnd  vigorously  in  1.25  ml  KOH/DMSO 
solution,  centrifuge  (10  min.,  21’*C,  325  xg),  read  O.D.  of  supernatant  at 
625  nm  vs.  KOH/DMSO  solution. 

5.  Calculations:  as  per  #5.  in  {^ridine  extraction  method  (above). 

Solutions 

Aug.  L15:  as  per  pyridine  extraction  method 
NBT  solution:  as  per  pyridine  extraction  method 

KOH/DMSO  solution:  6  mi  2M  potassium  hydroxide  (KOH)  plus  7  ml  dimethyl 
sulfoxide  (DMSO,  Sigma  #D-8779). 

PMA  solution:  2mM  stock  solution  =  10  mg  PMA  (phoibol  12-myristate,  13-acetate)  in 
8.106  ml  DMSO,  divided  into  small  aliquots,  stored  at  -^O^C.  Stock  is  diluted  in  aug. 
L15  to  yield  l/uM  PMA  solution  for  use  in  assay. 


6.  In  Vivo  Exposure  of  Medaka  to  Pentachlorophenol  (NaPCP) 

a.  Japanese  medaka  were  acclimated  for  >2  weeks  in  100  gallon  aquaria  in  aerated 
deep-well  water  (20-22°Q.  Tlirougliout  acclimadcm  and  exposure  studies  the  fish  were  fed  brine 
shrimp  nauplii  and  commercial  flaked  food  daily.  All  tests  were  performed  on  adult  Ash  (6-12 
months  of  age)  held  in  a  12h  L:  12m  D  photoperiod. 

b.  Exposure  was  carried  out  via  a  stadc-rei^wal  procedure,  with  renewal  ewety  7d. 
Medaka  (20-25  per  tank)  were  placed  in  10  gallon  aquaria  containing  0  (control)  to  200ppb 
NaPCP  and  monitored  daily  for  mortality. 

c.  Fish  were  sacrificed  at  weddy  intervals  and  chemiluminescence  (CL)  assays 
carried  out  (see  CL  method).  Six  macrq)hage  samples  were  analyzed  for  each  NaPCP 
concentration  and  exposure  time  studied.  Each  cell  sample  was  comprised  of  macn^hages 
pooled  from  the  pronq)hros  of  3-5  medaka. 


RESULTS  AND  DISCUSSION 

1.  Immunotoxicity  of  Cadmium  for  the  Oyster:  Effects  on  Chemiluminescence 

The  effects  of  CD  exposure  on  hemocyte  CL  activity  are  shown  in  serum-free  medium 
(Fig.  1)  and  in  the  presence  of  autologous  serum  (Fig.  2).  These  data  were  generated  from 
aliquots  of  the  same  cell  pool  exposed  to  various  Cd  ctmcentrations  for  3  h  prior  to  CL 
determinations;  the  results  are  representative  of  those  from  the  cell  pools  examined  (6  pools  - 
s^m,  5  pools  -^-serum).  In  all  cases,  both  control  and  Cd-exposed  hemocytes  produced  resting 
luminol-augmented  CL  in  the  absence  of  phagocytic  stimuli.  The  addition  of  heat-killed  yeast 
particles  to  untreated  hemocytes  induced  a  marked  increase  in  CL  activity  that  peaked  after  5-7 
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min.  This  activity  gradually  decreased  with  time  but  remained  above  background  level  for  more 
that  60  min.  The  presence  of  Cd  in  the  medium  consistently  produced  a  dose-dependent 
suppression  of  hemocyte-mediated  CL;  however,  higher  concentrations  were  required  to  produce 
this  effect  when  oyster  serum  was  included  in  the  medium  (Figs.  1  and  2). 

The  data  from  the  Cd-exposed  hemocyte  aliquots  were  expressed  as  percent  inhibition  of 
control  CL  of  an  untreated  aliquot  from  the  same  pool;  a  summary  of  these  data  from  six 
individual  pools  is  presented  in  Table  1.  Arc-sine  transformation  (Gomez  and  Gomez  1984)  was 
carried  out  to  normalize  tiie  raw  percent  inhibition  data  generated  from  the  study.  The  resultant 
mean  percent  inhibition  of  the  various  CL  parameters  induced  by  3  h  exposure  to  sublethal 
cadmium  levels  are  given  in  the  table,  along  with  tiie  upper  and  lower  99%  confidence  intervals. 
These  confidence  intervals  were  selected  to  keep  the  experiment-wide  error  rate  at  -0.05,  using 
the  method  of  Bonferroni  (Tarone  1990).  Cadmium  conctmtiations  that  produced  inhibitions  with 
lower  99%  confidence  intervals  <5%  were  considered  to  have  no  effect  on  chemiluminescence. 
The  highest  cadmium  exposure  levels  used  in  the  serum  -I-  and  serum  -  groups  were  selected 
based  on  their  lack  of  3  h  lethality,  by  the  trypan  blue  exclusion  assay.  Concentrations  of  10, 
25,  and  50  ppm  were  run  on  both  groups  to  enable  direct  evaluation  of  serum  effects  on  CL. 

Interpretation  of  the  data  in  Table  1  leads  to  the  following  conclusions.  Although  a  trend 
of  increasing  inhibition  of  basal  CL  with  increasing  Cd  concentrations  is  seen,  examination  of 
the  lower  99%  confidence  interval  values  sugg^ts  that  there  is  no  meaningful  inhibition  at  any 
Cd  level  tested,  with  or  without  serum  in  the  medium.  However,  Cd  does  suppress  peak  CL  in 
the  absence  of  serum  (>10  ppm)  and  in  the  presence  of  serum  (>1(X)  ppm).  A  similar  effect  was 
seen  in  the  case  of  total  CL,  where  dose-dependent  suppression  was  induced  at  >2  ppm  (in  serum 
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Table  1. 


Percent  inhibition  of  hemocyte  chemiluminescence  (CL)  by  cadmium 


Basal  CL  ^  chemiluniinescence  produced  by  oemocytes  prior  to  phagocytic  stimulation. 
Peak  CL  »  maximal  chemiluminesoenoe  recorded  after  phagocytic  stimulation  of  the  cells. 
Total  CL  the  area  under  the  curve  of  chemiluminescent  activity  induced  by  phagocytosis. 
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free  media)  and  ^25  i^nn  (in  serum-containing  medium).  These  data  indicate  that  more  cadmium 
was  required  to  produce  levels  of  inhibitioa  of  peak  or  total  chemiluminescence  conq>ar^le  to 
those  seen  in  the  absence  of  serum.  Other  pieces  of  siq)portmg  evidmice  included  the  3  h  EC» 
(effective  concentration  of  Cd  that  produced  50%  inhibttion  of  peak  CL  after  3  h  exposure, 
calculated  by  linear  r^ression)  data;  these  woe  73  ppm  in  the  {Hesence  of  serum,  and  21  ppm 
in  the  absence  of  serum.  The  cadmium  effects  on  CL  could  not  be  attributed  to  lethality  because, 
even  at  the  highest  concentiatimis  tested,  the  average  reductions  in  viability  were  minimal  (3.2% 
at  50  ppm  Cd,  -  serum;  1.5%  at  2(X)  ppm  Cd,  +  serum). 

The  data  were  analyzed  by  ANOVA  to  detmnine  the  statistical  significance  of  die 
changes  in  CL  parameters  observed  following  exposure  to  cadmium  and  the  ai^iarent  protective 
effect  of  serum  in  the  medium  (Table  2).  If  significance  is  s^  at  p  <  0.05,  it  can  be  concluded 
that  cadmium  produced  marked  inhibition  of  phagocytically  induced  peak  and  total 
chemiluminescence,  but  caused  no  significant  reductkm  in  unstimulated,  resting  CL.  Using  die 
same  criterion,  serum  in  the  medium  protected  against  the  CL  supjvession  by  cadmium, 
regardless  of  which  CL  parameter  was  ccmsidered.  As  indicated  in  Table  2,  there  were  no 
interactive  effects  (synergy,  etc.)  of  the  CL  responses  to  cadmium  and  serum.  The  protective 
effect  of  oyster  serum  in  these  in  vitro  assays  was  i»edictable.  No  doubt  extracellular  Cd  was 
bound  to  serum  proteins  and  possibly  to  other  ligands  such  as  metallothioneins.  The  data 
reemphasized  the  fact  that  caution  is  needed  in  interpreting  in  vitro  toxicity  determinations.  In 
this  case,  inclusion  of  autologous  serum  to  mimic  physiological  conditions  caused  apparent 
reduced  sensitivity,  probably  by  reducing  the  actual  dose  of  the  toxicant  available  to  the 
hemocytes. 
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Tftbie  2. 


Percent  inhibition  of  hemocyte  chemiluminescence  (CL)  by  cadmium:  Direct 
comparison  of  10,  23,  and  30  ppm  and  effect  of  autologous  serum. 


,  .fc..  .  <„ 

p  Values, 

Data  Analyzed  1 

^ ANOVA 

Cd  Effect 

Serum  Effect 

CD  *  Serum 
Interaction 

Basal  CL 

0.1387 

0.0203 

0.9203 

Peak  CL 

0.0078 

0.0202 

0.7633 

Total  CL 

0.0032 

0.0193 

0.6233 

Some  preliminary  attempts  were  made  to  determine  the  Cd  concentration  in  the  hemocytes 
under  the  conditimis  of  the  experiment.  Exposure  to  Cd  was  carried  out  following  the  protocols 
previously  reported,  the  cells  washed  thoroughly  to  remove  unincorporated  Cd  and  atomic 
absorption  analyses  of  the  cells  was  performed  by  the  Riverside  Clinical  Laboratories  (Newport 
News,  VA).  Cells  were  exposed  to  2(X)  ppm  Cd  (  +  serum)  or  30  ppm  Cd  (-  serum)  for  3  h, 
treatments  already  shown  to  strongly  inhibit  the  CL  response.  In  diis  study,  both  treatments 
produced  ~30%  reduction  in  peak  CL  and  total  CL,  somewhat  less  inhibition  than  would  be 
predicted  based  on  Tid)le  1,  but  substantial.  Hemocytes  exposed  to  200  ppm  Cd  (+serum) 
contained  an  average  of  13.0  ng  Cd/mg  fa-otein,  those  exposed  to  30  ppm  (  -  serum) 
contained  an  average  of  13.8  Cd/mg  protein.  Based  m  these  limited  data,  it  ai^teared  diat 
modulation  of  CL  was  primarily  a  functirm  of  cellular  Cd  level. 

In  this  regard,  we  had  previously  attempted  to  study  the  effects  on  subsequent  hemocyte 
CL  after  two  weeks  of  in  vivo  exposure  of  oysters  to  water  borne  Cd  (Oliver  and  Anderson 


unpublished).  Several  Cd  levels  were  tried,  including  0.2S  p|Hn  (nominal)  which  was  selected 
as  the  highest  e^q^rimental  dose.  C^admium  toxicity,  as  manifested  by  decreased  OMiditioo  index 
(Roesijadi  and  Klerks  1989)  and  reduced  shell  growth  (Shuster  and  Pringle  1969),  starts  to 
become  evident  at  ~0.20  (^nn.  The  mean  Cd  concentration  in  hemocytes  from  the  0.2S  ppm 
group  was  2.2  ng  Cd/mg  protein;  Cd  concentratimis  in  hemocytes  from  unexposed  cq^sters  were 
several  orders  of  magnitude  lower.  The  effects  on  CL  responses  of  hemocytes  collected  from 
oysters  after  in  vivo  exposure  to  a  range  of  Cd  concentration  <0.25  ppm  wore  variable  and 
showed  no  significant  dose  dependency. 

However,  as  reported  in  this  pq)er,  in  vitro  exposure  of  oyster  hemocytes  to  sublethal 
concentratiotts  of  Cd  can  suf^ress  CL,  suggesting  impairment  of  a  cell-mediated  cytotoxic 
mechanism,  such  as  bactericidal  activity.  Such  evidence  implicates  Cd  as  a  potential 
immunotoxicant,  by  extension  of  the  criteria  developed  fw  mammals  (Tam  and  Hiasdill  1990). 
Our  inability  to  show  CL  inhibition  in  the  whole-animal  ejqposure  studies  possibility  may  be 
e;q)lained  by  the  fact  that  the  requisite  hemocyte  Cd  levels  (indicated  by  the  in  vitro  results)  were 
not  attained. 

Few  reports  exist  concerning  die  effects  of  metals,  or  otho*  mivironmental  contaminants, 
on  the  CL  response  of  bivalve  hemocytes.  Copper  (>4  ppm)  was  shown  to  inhibit  phortxd 
myristate  acetate-induced  oyster  hemocyte  CL,  whereas  cadmium,  aluminum  and  zinc  were 
rqwrted  to  slighdy  enhance  CL  at  ^160  ppm,  but  sui^iressed  CL  at  a  higher  concenttadmi  of 
320  ppm  (Larson  et  al.  1989).  It  appears  that  our  current  method  can  more  sensitively  nxmitor 
CL  modulation  by  Cd;  this  could  result  from  differences  in  the  composition  of  the  media,  length 
of  exposure,  and  nature  of  the  respiratory  burst  stimulus.  As  part  of  a  study  of  tributyltin  (TBT) 


24 


on  defdnse-related  activities  of  oyster  hemocytes,  Fisher  et  al.  (1990)  showed  diat  0.4-4(X)  ppb 
TBT  produced  a  dose  dq)eadent  inhibition  of  zymosan-induced  CL  activity.  Our  data  confirm 
and  extend  these  observations  on  the  utility  of  hemocyte  CL  modulation  as  a  method  to  identify 
environmental  xenobiotics  with  potential  inununotoxicity  for  bivalve  mollusks.  Furttomore,  CL 
provides  a  sensitive  n»ans  of  more  fully  undorstanding  the  details  of  {notective  merhmiisiiw 
available  to  inveitd)rate  blood  cells. 

2.  Superoxide  Generation  by  Oyster  Hemocytes  as  Measured  by  Nitroblue  Tetrazolium 

Reduction 

NN  Reduction  by  Hemocyte  Monolayers 

Initially,  NBT  formazan  production  was  observed  by  microscopic  examination  of 
individual  hemocytes.  Whole  hemolymph  samples  were  placed  on  ethanol  cleaned  covodips  and 
allowed  to  adhoe  for  30  min  at  room  temperahire  in  a  moist  chamber.  Serum  and  nonadherent 
cells  were  gently  washed  off  die  resultant  cell  monolayers  with  (0.45  iim)  filter-sterilized  ambient 
estuarine  water  (EW).  NBT  vials  (Sigma  Diagnostics)  were  reconstituted  with  1  ml  of  10%  NaCl 
to  give  a  final  solution  of  phosphate-bufiered  18  ppt  NaCl  (to  emulate  the  salinity  of  estuarine 
water)  containing  1  mg/ml  NBT.  This  solution  was  diluted  with  EW  or  a  su^ienskm  of  0.2 
mg/ml  autoclaved  ye^st  cells  (1  part  NBT  solution:2  parts  EW  +  particles).  Unstimulated  cell 
prqiarations  were  eiqiosed  to  NBT  in  the  absence  of  particles;  stimulated  sanqiles  were  incubated 
with  both  NBT  and  yeast.  Hemocyte  monolayers  were  incubated  at  room  temperature  for  2  hr 
with  the  above  described  woridng  NBT  solutions,  and  the  NBT  was  that  washed  off  and  rq>laced 
with  EW.  The  coverslips  were  inverted,  placed  on  slides,  and  examined  as  wet  mounts.  Viewing 
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widi  bright-field  optics  was  preferable  to  phase  ccmtiast  because  none  of  dw  blue  shading  and 
artifacts  seen  with  (diase  contrast  were  encountered. 

Superoxide  anion  production  by  the  honocytes  was  indicated  by  the  intracellular 
dqx)sition  of  blue  formazan  (reduced  NBT).  The  appearance  of  these  cells  is  described  without 
{diotmmcrographs  because  of  the  difficulty  of  distinguishing  blue-stained  organelles  and 
membrane-associated  structures  ftom  their  unstained  countmparts  in  black  and  white  prints. 
Unstimulated  or  stimulated  preparations  ctmtained  no  blue-stained  cellular  components  in  the 
absoice  of  NBT.  Characteristically,  the  rntmolayer  preparatkms  contained  numerous  cells  with 
distinct  cyti^lasmic  granules  (granulocytes),  as  well  as  cells  widi  few  no  gramiles 
(hyalinocytes).  In  wngrimniateH  or  stimulated  {vqnratimis  exposed  to  NBT,  the  hyalinocytes 
rarely  ccmtained  blue  depoats,  blue-staining  cytiplasm,  m  cytoplasmic  elements.  Therefore,  die 
following  description  of  NBT  reduction  refos  to  events  taking  place  in  the  granulocytic 
hemocytes. 

NBT  reductitm  was  seen  in  some  of  die  unstimulated  granulocytes.  In  these  cells,  a 
positive  response  typically  involved  a  diffuse  pale  blue  staining  of  the  cytoplasm  with  more 
intense  deposits  along  the  ruffled  portion  of  the  plasma  membrane.  Such  cells  often  appeared 
larger  than  typical  granulocytes  due  to  more  extmisive  qireading.  IntraceUular  particulate 
formazan  dqxisits  and  stained  granules  woe  rarely  seen  in  cells  that  did  not  ctmtain 
plu^ocytosed  yeast  particles.  The  ingestion  of  yeast  particles  was  oftmi  accompanied  by  intense 
NBT  reductitm;  particulate  formazan  dqxisits  were  frequendy  seen  in  the  cytoplasm  and 
e^}ecial]y  in  the  vacuoles  surrounding  the  phagocytosed  particles.  Hemocytes  with  pontive 
reactions  associated  with  ingested  yeast  cells  usually  also  had  pale  blue  cytoplasm. 
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In  order  to  assess  NBT  reducti<Mi  by  this  method,  at  least  300  hemocytes  were  examined 
from  unstimulated  and  stimulated  preparations  from  five  individual  oysters.  Cells  with  light  blue- 
stained  cytq)lasm  constituted  43.7  4-  9.9%  of  the  unstimulated  and  42.3  +  12.0%  of  the 
stimulated  pt^nilations.  In  the  stimulated  groups,  13.7  4.5%  of  these  cells  also  contained 

ingested  particles  suirounded  by  intense  blue  dq>osits;  in  other  words,  about  one-third  of  die 
cells  with  bluish  cytqilasm  contained  phagocytosis-associated  NBT  reduction. 

Quantitative  NBT  Reduction 

In  order  to  look  for  possible  seasonal  effects  on  NBT  reduction,  oysters  from  the  same 
area  (Broomes  Island)  were  coltected  at  various  times  from  January  1990  to  Octt^r  1990.  Water 
tenqierature  and  salinity  were  recorded  at  the  time,  and  the  NBT  assays  were  performed  witibin 
2  days  of  collection.  About  200  oystos  collected  from  the  Broomes  Island  site  at  the  b^inning 
of  the  study  were  maintained  in  die  laboratory  in  flow-tfarou^  tanks  sullied  widi  unfiltered, 
ambient  estuarine  water.  These  lab-held  oysters  were  assayed  for  NBT-reducing  ability  at  about 
the  same  times  as  the  freld  samples  were  collected  and  analyzed.  The  purpose  of  this  portion  of 
tlK  work  was  to  d^ennine  if  NBT  data  gathered  from  laboratory-maintained  oysters  were 
representative  of  those  obtained  from  die  freld. 

This  assay  provided  highly  rqnoducible  data  when  run  (m  aliquots  from  the  same 
hemolymph  pool.  However,  it  became  qqiarent  diat  the  response  showed  great  variability  frxnn 
pool  to  pool,  even  in  rqilicates  taken  at  the  same  time.  Cell  numbma  and/or  cellular  protein 
concentrations  were  recorded  for  every  hemocyte  pool.  When  NBT  reduction  was  mqiressed  oa 
a  per  hemocyte  basis  the  obsmved  variation  was  not  reduced.  The  inability  to  correct  resting  ot 


srimiilafn»d  NBT  reduction  for  variations  in  ceU  numbers  w  cell  protein  concentradcHi  suggests 
a  high  level  of  natural  variation  in  this  activity  in  oysters.  The  reason(s)  that  hemocytes  from 
oysters  collected  under  identical  conditions  from  the  same  site  dmwed  such  widely  different 
ciq)acities  for  NBT  reduction  is  unknown.  Poss3>ly  this  reflects  genetic  heterogeneity,  di^reoces 
in  the  microenvironment  of  the  animals,  differences  in  health  and  disease,  differences  m 
rqnoductive  status,  etc. 

In  onter  to  minimiTe  cell  clumping  and  to  provide  the  most  natural  physiological 
conditions  for  phagocytosis,  the  assays  were  carried  out  with  a  standard  (2  ml)  aliquot  of  whole 
hemolymph,  containing  about  2  x  10^  cells.  The  numbers  of  yeast  particles  provided  to  the 
hemocytes  were  exp^imentally  determined  to  exceed  the  phagocytic  potential  of  the  cells; 
therefore,  variations  in  the  cell:particle  ratio  resulting  frnm  differences  in  cell  counts  per 
milliliter  of  hemolynqrfi  had  no  effect  on  the  recorded  extent  of  NBT  reduction. 

Inclusicm  of  600-3000  U/ml  of  superoxide  dismutase  in  the  medium  consistently  produced 
a  decreased  level  of  NBT  reducti<m  by  both  resting  and  phagocytically  stimulated  cells.  The 
levels  were  reduced  from  ~  20  to  50%  in  a  dose-dependent  manner;  this  d^ree  of  inhibitimi  by 
SOD  is  typical  of  that  seen  in  other  leukocyte  studies. 

Data  from  oysters  sampled  at  various  times  during  a  lO-month  period  are  presented  in 
Table  3.  Hiere  were  no  statistically  signifrcant  difrerences  in  bemocyte  NBT  reduction  between 
samples  frt>m  field  or  lab-held  oysters  collected  at  identical  times  over  tte  course  of  this  stixfy. 
Apparent  phagocytically  induced  increments  in  NBT  reduction  were  seen  in  all  groups,  but  these 
were  not  significant  in  any  one  group.  Both  stimulated  and  unstimulated  levels  of  NBT  reduction 
tended  to  increase  with  elevation  of  the  ambient  water  temperature,  but  were  in^iendent  of 
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salinity  in  tbe  relatively  oarrow  range  expoienced  10-14%o).  These  trends  woe  statistically 
significant  when  data  from  the  relatively  cool  periods  (January  and  April;  2  to  13°C)  were 
compared  to  those  from  the  warm  periods  (July  and  October;  21  to  29°C)  in  Table  4.  The  levels 
of  NBT  reduction  achieved  by  both  testing  and  stimulated  hemocytes  were  significantly  inmeased 
in  samples  obtained  during  die  wanner  moi^  (P  <  0.001).  Hemocytes  from  oysters  at  21*29‘'C 
resptmded  to  phagocytic  stimulation  with  a  significant  rise  in  NBT  reduction  (P  <  0.05),  but  diis 
effect  was  not  seen  in  the  2-13*’C  groiqi. 


Table  3.  NBT  Reduction  by  Oyster  Hemoqrtes 
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Note:  Daim  an  OD  aoita  >10^  at  SIS  aai,  mbb  ±  SD,  a»S.  Laboialoty  held  vywun  wwre  ooWertad  S/23/89  fhw  tka  BraoMa 

Uaad  afca  aod  oiaiataiaed  ia  flow  throagfc  laaka  aappBad  with  oaflltorad  mtaaiiiia  water.  Fieid.oolleBtad  oyitwa  wara 
aaaayad  for  NBT  redactioa  aritkia  2  daya  of  coUectioa. 


Table  4.  Effect  of  Ambient  Ten:^)eIature  on  NBT  Reduction  by  Oyster  Hemocytes 


1  ' 

Teatperatare  raage 

Uaatiaialated 

Stiatalated 

A  OD 

2  -  13*C 

120  ±  64 

142  ±  61 

22  ±  15 

21  -  29*C 

238  ±  144 

443  ±  131 

105  ±  33 

Nula:  Data  ara  OD  aaita  alO^  at  SIS  aia.  aeaa  ±  SD.  a  -  20  for  2-l3*C,  a  -  IS  for  2I-29*C. 
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The  purpose  of  these  studies  was  to  further  suppcnt  the  contention  that  superoxide  anion 
geiKration  may  be  a  gen^  im^)erty  of  phagocytic  leukocytes  in  invertebrates,  as  well  as 
vtftebrates,  by  examining  NBT  reduction  by  C.  virginica  hemocytes.  A  positive  reaction  was 
observed  microscopically  and  morphological  details  of  NBT  ftymaian  depositkm  in  the  cells  are 
inesemed  below,  as  are  attempts  to  quantify  the  percentages  of  friiagocytes  involved.  However, 
comments  mi  the  relative  amounts  of  formazan  {xcsent  in  cell  p(^)ulatiais  by  visual  obsmvation 
under  various  conditions  are  subjective  at  best.  This  is  eqiecialiy  relevant  because  changes  in  the 
overall  level  of  NBT  reduction  in  a  given  cell  population  seem  to  r^lect  changes  in  the  intensity 
of  the  reaction  in  particular  cells,  not  involvement  of  different  numbers  of  cells.  Therefore,  the 
cytological  results  are  considered  qualitative  and  cannot  be  directly  conqnred  to  results  from  the 
quantitative  NBT  reduction  assays.  The  cytological  observations  provided  the  basis  for  adapting 
the  climcal  quantitative  NBT  assay  for  use  with  oyster  cells;  the  accepted  interpretation  of  the 
results  of  these  assays  is  probably  valid  for  phagocytes  in  general. 

Our  studies  of  NBT  reduction  by  oyster  granulocytes  can  be  compared  to  those  of  human 
leukocytes  carried  out  by  Gifford  and  Malawista  (1970,1972).  Upon  exposure  to  NBT,  about 
40%  of  adherent  human  and  oystm  granulocytes  became  tilled  with  a  diffuse  blue  stain  and  often 
showed  a  more  intense  reaction  at  their  periphmy.  These  cells  often  were  atypically  enlarged  by 
extensive  qiveading  and  have  been  called  "formazan”  ceUs  in  the  mammalian  literature.  As  in 
the  case  with  human  cells,  the  percentage  of  formazan  cells  in  adherent  oyster  cell  monolayers 
was  not  increased  by  phagocytosis.  As  previously  described,  NBT  formazan  ceUs  can  arise 
iiKlepeodently  of  phagocytic  stimulation  and  about  mie-third  of  them  will  also  take  up  available 
yeast  particles.  Ingestion  of  yeast  triggers  additional  formazan  dqx>sition  in  phagosomes  and  in 
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other  areas  of  the  cytoplasm.  An  enlarged,  flattened  morphology  and  concomitant  cellular 
degeneratimi  can  be  seen  in  formazan  cells  from  both  species.  Althou^  formazan  cells  appear 
abnormal,  Gifford  and  Malawista  (1972)  found  that  their  formation  did  not  result  from  h»s  of 
membrane  integrity  and  that  cell  degeneratioa  followed  (and  did  not  precede)  productimi  of 
intracellular  formazan.  N6T  can  gain  ac^ss  to  the  cytoplasm  during  i^gocytosis,  but  in  the 
id)sence  of  phagocytosis,  NBT  may  enter  the  hemocyte  during  its  attend  to  'phagocytize"  the 
glass  substrate  to  which  h  adheres. 

Human  blood  cells  with  defective  leukocytic  antibacterial  c^aciQr  (CGD  or  chrcmic 
granulonratous  disease  of  childhood)  cannot  rethice  NBT  and  cannot  produce  formazan  cells, 
either  in  suspension  culture  or  when  adhered  to  a  substrate.  All  preparaticMis  of  oyster  hemocytes 
examined  showed  NBT-reducing  ability  whetto  in  suspension  (via  the  quantitative  NBT 
reduction  assay)  or  after  adherence  (in  hemocyte  monolayers).  This  does  not  eliminate  the 
possibility  that  rare  genetically  based  immunological  defects  similar  to  CGD  may  exist  in  oysters; 
only  about  30  individuals  were  examined  via  the  monolayer  method  and  the  work  with  the 
quantitative  NBT  assay  was  done  with  poded  samples  from  about  ISO  oysters. 

Dikkeboom  and  co-woikers  (1987,  1988)  described  NBT  reduction  by  hemocyte 
monolayers  derived  from  several  snail  species.  Their  findinp  with  regard  to  SOD-sensitive  NBT 
reduction  are  similar  to  these  with  oysters  and  dx)se  of  Gifford  and  Malawista  with  human  cells. 
They  reported  faint  background  staining  of  unsdmulated  hemocytes  (fmmazan  cells?)  and  intense 
dark  blue  formazan  dq>osits  inside  ph^osomes  around  the  ingested  zymosan  particles. 

NBT  reduction  has  previously  been  observed  microscopically  in  several  molluscan  ^)ecies, 
but  in  this  report  an  attempt  was  made  to  quantify  it.  Despite  variability  within  groups,  statistical 


analysis  of  the  data  permitted  several  conclusions  to  be  drawn.  Hemocytes  withdrawn  from 
oysters  at  any  time  of  year  showed  NBT-reducing  ability  without  stimulation,  and  this  activity 
was  markedly  elevated  during  the  warmest  portion  of  the  year.  In  addition,  phagocytosis 
increased  total  NBT  reduction  by  hemocytes  from  oyster  held  above  -  20°C,  but  this  effect  was 
not  seen  in  cells  collected  below  ~  13*’C. 

These  results  support  the  idea  that  die  ability  to  generate  cytotoxic  oxygen  radicals  is  a 
general  property  of  leukocytes.  The  exact  physiological  role  of  hemocyte-produced  superoxide 
amon  in  moUusks  has  not  been  established,  but  it  is  probably  involved  in 
responses.  The  simple  quantitative  assay  for  0^  described  herein  may  prove  useful  in 
a  mechanism  of  immunocompetency  in  animals  collected  under  various  environmental  conditions. 
Modulation  of  hemocytic  NBT  reduction  might  also  have  application  as  a  biomarker  of  stress 
induced  by  sublethal  exposure  to  xenobiotics. 

3.  In  Vitro  Inhibition  of  Medaka  Phagocyte  Qiemiluminescence  by  Pentachloropfaenol. 
Approximately  95%  of  medaka  pionqihros  cells  remained  viable  after  1  h  of  in  vitro 

maintenance,  -  90%  survived  20  h  in  culture  (as  determined  by  trypan  blue  exclusion). 
Exposure  to  PCP  produced  dose-dependent  lethality  that  was  particularly  evident  in  the  20  h 
cultures  (Fig.3 ).  Under  the  conditions  of  this  study,  it  was  estimated  by  regression  analysis  tiiat 
the  1  h  LCjo  >  75  ppm,  and  the  20  b  LQ,  -  28  ppm. 

The  kinetics  of  the  phagocytically-induced  CL  response  were  different  when  elicited  after 
20h  of  culture,  as  compared  to  1  h  of  culture.  Representative  kinetic  curves  are  shown  in  Fig. 

4.  Phagocytes  from  any  given  cell  pool,  when  stimulated  after  1  h,  produced  a  steadily  rising 
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CL  response  that  tended  to  plateau  and  remain  relatively  constant  for  at  least  several  hours.  In 
contrast,  20  h  samples  responded  with  a  more  rapid  CL  activity  increment,  produced  a  clearly 
defined  peak,  and  then  the  activity  gradually  decayed.  On  many  occasicHis,  the  20  h  CL  peak  and 
total  CL  value  exceeded  the  conqnrable  1  h  values;  towever,  this  was  not  always  obs^ed. 

The  effects  of  A-PCP  exposure  on  CL  by  medaka  phagocytes  are  presented  grafdikally 
in  Figs  5  and  6.  Figure  5  shows  the  result  of  1  h  incubation  in  the  presence  of  S-IS  ppm  A-PCP. 
A  clear,  dose-dependent  reduction  in  phagocytically-induced  CL  is  seen  with  almost  total 
inhibition  of  CL  at  20  ppm  (Table  S).  The  tyincal  1  h  incremental  CL  response  and  leveling  off 
is  seen  in  control;  A-PCP  exposure  shifts  the  curves  downward  without  significantly  alterity  tteir 
shape.  The  ability  of  cells  exposed  to  various  A-PCP  doses  for  20  h  to  respond  to  phagocytic 
stimulation  (Fig.  6)  is  also  markedly  compromised. 

Data  from  representative  phagocyte  pools  are  illustrated  in  Figs  3  and  4;  and  the  mean 
CL  values  from  all  cell  pools  examined  in  this  study  are  summarized  in  Table  S.  The  (X 
parameters  given  are  expressed  as  percent  inhibition  of  untreated  control  cells  after  1  and  20  h 
and  include  unstimulated  CL  (background  CL  produced  by  cells  in  the  absence  of  added  yeast 
cells),  stimulated  CL  peak  activity  (peak  value  minus  background),  and  total  stimulated  CL 
activity  (area  under  the  curve  minus  background  level).  All  three  CL  parameters  were  inhibited 
in  a  dose-dependent  fashion  by  1  or  20  h  exposure  to  S-20  ppm  A-PCP.  As  might  be  expected, 
inhibitimi  was  more  pronounced  in  the  20  h  groups,  as  was  PCP-related  loss  of  viability. 
However,  even  at  the  higher  concentrations,  the  observed  lethality  could  not  totally  account  for 
the  elevated  levels  of  CL  suppression.  It  appeared  that  the  PCTP  effect  on  CL  could  easily  be 
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by  oelli  which  had 


measured  after  a  1  h  exposure.  The  1  h  test  was  shown  to  have  about  die  same  senmtivity  as  the 
20  h  test  without  any  measurable  effects  on  cell  viability. 

Because  PCP-mediated  inhibitioa  of  stimulated  peak  and  simulated  total  CL  reqxmses 
were  virtually  idmitical  (Table  5),  only  total  CL  data  are  presented  in  Table  6  which  conqures 
the  effect  of  A-PCP  to  that  of  T-PCP.  After  20  h  aposure,  T-PCP  apparently  caused  more  CL 
suppression  than  did  A-PCP  at  >  5  ppm;  this  difference  was  significant  at  15  ^><0. 

The  PCP  effect  on  CL  was  reversible,  as  shown  in  Table  7.  In  this  experimmit, 
pronephros  cells  were  incubated  fm*  1  h  in  25  i^m  A-PCP,  a  treatment  that  resulted  in  >95% 
suppression  of  CL  but  no  significant  reduction  in  cell  viability.  The  exposed  cells  were  washed 
and  resuspended  in  PCP-firee  medium.  CL  activity  was  restored  by  approximately  70%  in  about 
4  h,  and  had  returned  to  that  of  unexposed  cells  by  about  24  h. 

As  is  the  case  for  mammalian  macrcyhages,  fish  macnyhages  (comprising  50  60%  of  die 
pronqihros  cells)  are  essential  accessmy  and  effector  cells  in  die  immune  system  and  changes 
in  their  responsiveness  could  have  widespread  repercussimis  in  the  host  (Luster  et  al.,  1982). 
Measurement  of  chemiluminescence  serves  as  an  important  {nimaiy  screening  assay  to  assess 
immunomodulatory  activities  of  envircmmental  toxicants  on  mammalian  macrophages  (Tam  & 
Hinsdill,  1990)  and  seems  to  ftnd  similar  plication  to  studies  of  ftsh  immunotoxiccdogy.  In 
these  studies,  eiqiosure  to  either  A-PCP  or  T-PCP  was  shown  to  result  in  CL  suppression  in 
medaka  leucocytes  at  sublethal  concentrations.  This  effect  was  both  dose-dqpendent  and 
reversible.  Previous  studies  with  various  species  of  fish  have  described  inhibition  of  CL  by 
metals,  organometallics  and  polycyclic  aromatic  hydrocarbons  (Elsasser  et  al.,  1986;  Warinner 
et  al.,  1988;  Wishkovsky  et  al.,  1989). 
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Table  6.  Effect  of  20  h  e^qiosiire  to  analytical  or  technical  grade  PCP  on  CL  feqxHise  to 
phagocytic  stimulation. 


PCP 

(pp«) 

Analytical  grade 

Tedmical  grade 

P 

1-0 

0  (2) 

0  (2) 

NS 

5-0 

16-4±  10-2(6) 

15-2  ±4-5(5) 

NS 

10-0 

31  •0±  15-5(6) 

42-5±7-8(5) 

NS 

150 

53-1  ±15-2(3) 

84-0±6-9(4) 

<0-005 

20-0 

96-8±  2-0(3) 

100-0  (2) 

NS 

Data  are  expresaed  as  mean  percent  inhibition  of  PCP-expoaed  ceils  compared  to  data  fitom 
onejqxMed  controls  ±  S.D.  (AO. 


Table  7.  Recovery  of  CL  response  following  removal  of  pron^hros  cells  ffom  25  n)m  PCP< 

containing  medium 


1  Hours  in  PCP-free 

1  medhim 

Total  CL 
(%  of  control) 

Cdl  viability 

!  ^ 

<5-0 

>95 

3-0-  5-5 

71-3±19-1(3) 

-95 

21-0-26-0 

94-4±  5-6(3) 

-90 

Data  are  expressed  as  mean  percent  of  une:q>osed  control  cells  ±  S.D.  (AO- 
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The  immunotoxic  ^ects  of  PCP  have  beoi  studied  in  birds  and  manunals.  Prescott  et 
al.  (1982)  fed  chickens  a  purified  grade  of  PCP,  that  Cfuitained  300  ng  g  '  heptachlorodibenzo'p- 
dioxin  (HpCDD)  and  800  ng  g  '  octachlorodibenzo-pdioxin  (OCDD)  but  no  tetrachkvo-  or 
hexachloro-dibenzo-p-dioxins  (TCDD,  HCDD).  After  8  weeks  the  hunuMal  and  cellular  immime 
resqranses  were  evaluated.  Chickens  recdving  2S00  ppm  PCP  showed  decreased  lectin-infaiced 
lynq)h(^)roliferation,  lower  white  blood  ceU  counts,  a  decreased  hummal  reqxMise  to  bovine 
serum  albumin,  but  normal  levels  of  IgM  and  IgG  and  nrainal  humoral  reqxmses  to  sheep 
erythrocytes  ami  Newcastle  disease  virus.  Exposure  of  mice  U>  T-PCP  resulted  in  enhancemoit 
of  Moloney  sarcoma  virus  (MSV)-induced  tunKM*  susceptibility,  inhibititHi  of  cytotoxic  T  cell 
activity,  a  slight  increase  in  resistance  to  encephalomyocarditis  virus  (EMCV),  and  increased 
phagocytosis  by  peritoneal  macrophages  (Kerkvliet  et  al.,  1982b).  Macrophages  play  a  primary 
role  in  resistance  to  EMCV  infection,  while  T  cells  are  involved  in  the  regressim  of  MSV- 
induced  sarcomas.  No  significant  changes  in  immune  function  were  induced  by  A-PCP 
administration.  Mice  fed  T-PCP,  but  not  A-PCP,  showed  depressed  humoral  immune  re^xmses 
to  both  T-dependent  and  T-independent  antigenic  stimulation  (Kerkvliet  et  al.,  1982a).  Rats  fed 
97%  pure  PCP  had  decreased  antibody  titers,  decreased  delayed-type  hypersensitivity  and 
increased  phagocytic  activity  by  peritoneal  macn^bages  (Exon  &  KoUer,  1983).  In  order  to 
examine  in  greater  depth  the  s^itivity  of  T  cells,  natural  killer  cells  and  macrophages  to  T- 
PCP,  Kerkvliet  et  al.  (198Sa)  studied  their  activities  in  mice  following  8  wedts  of  dietary 
exposure.  The  only  significant  alteration  in  the  parameters  tested  was  a  reduced 
lymphoproliferadve  reqxmse  in  mixed  lymphocyte  culture,  but  not  in  die  response  to  mitogens. 
It  was  concluded  that  T  cells,  NK  cells  and  macrcqibages  were  relatively  resistant  to  T-PCP,  in 


contrast  to  its  marked  effects  on  the  humoral  immune  re^xMise.  Several  contaminant  fractioiis 
and  purified  isomers  from  T-PCP  were  analyzed  for  their  humoral  inununosui^vessive  ^ects 
(Kerkvlietetal.,  198Sb).  The  1  ^,3,6,7 ,8-hexachkxodioxin,  l,2,3,4,6,7,S-heptochlon>-dk)xm, 
and  1, 2,3,4, 6,7,8-liq)tadilor(rfuran  were  all  inunimosuppressive.  This  and  mher  evidence  wu 
I»esented  for  the  role  of  toxic  Ah-interactive  dioxin  and  frnan  ccmtaminants  in  T-PCP 
immunotoxicity. 

In  light  of  the  above,  it  is  interesting  diat  the  immunosu[^ressive  effect  of  A-PCP  mi 
medaka  phagocyte  CL  is  virtually  equivalent  to  that  of  T-PCP.  The  exact  chemical  conqxishion 
of  the  T-PCP  (Aldrich  Chemical  Company,  Inc.,  lot  1907MH)  was  not  known;  however,  die 
manufacturer  determined  that  it  was  ~  97%  pure  PCP,  although  86%  purity  was  indira*<vl  on 
the  label.  Because  of  the  variatimi  in  percent  and  identities  of  ^lecific  contaminants,  it  may  be 
difficult  to  compare  immunotoxic  activities  of  T-PCPs  used  in  various  studies.  We  report  that 
IS  i^m  T-PCP  caused  significantly  more  (X  supin^ion  than  15  i^m  A-PC7.  This  efrect  was 
not  seen  at  lower  PCP  concentrations,  while  higher  levels  of  either  T-  or  A-PCP  essentially 
abolished  CL.  Whether  the  slightly  enhanced  immunosuppressive  effect  of  T-PCP  was  caused 
by  contamination  with  dioxins  and/or  furans  has  yet  to  be  determined. 

It  was  evident  that  A-PCP  (PCP  sodium  salt  hydrate,  >  99%  pure,  lot  03S12JM,  Aldridi 
Chemical  Company,  Inc.)  caused  dose-dependent  suf^ression  of  CL  by  medaka  phagocytes, 
de^ite  its  reported  lack  of  effects  on  humoral  or  cellular  immune  parameters  in  mammals 
Previously,  A-PCP  (Aldrich  Chemical  Company,  Inc.,  lot  032487CC)  has  been  reported  to  cause 
decreased  resistance  to  bacterial  infection  (Anderson  et  al.,  1981)  in  the  bivalve  M.  mercenaria, 
probably  as  a  consequence  of  impaired-hemocyte-mediated  antibacterial  capacity  (Anderson, 


1988).  In  this  context,  it  is  interesting  to  note  that  2,4-<iinitit^)hen(d,  another  micoupler  oi 
oxidative  pho^ihorylation,  has  bera  rqxxted  to  inhibit  supat>xide  release  and  CL  by  rat  and 
rabbit  alveolar  macrophages  (Miles  et  al.,  1977;  Castianova  et  al.,  1987). 

4.  (Quantitative  NBT  reduction  by  medaka  macn^hages  (via  DMSO/KOH  extractkMi),  as 

influenced  by  exposure  to  PCP. 

In  5  attempts,  exposure  of  medaka  macrophages  to  5-30  ppm  PCP  for  1  h  produced  no 
signiflcant  effect  on  either  cell  virility  or  NBT  reductum.  However,  effects  on  bodi  param^ns 
were  seen  after  20  h  e]qK)sure  to  PCP. 

Viability  of  macrophages  after  20  h  of  PCTP  exposure  are  shown  in  Table  8;  cleariy 
concentrations  >20  ppm  produced  high  lethality.  In  all  cases  there  was  a  basal  (unstimulated) 
level  of  NBT  rediiction  by  the  macrqAages  in  botii  control  and  PCP-exposed  groups. 
Stimulation  of  the  control  cells  by  1/iM  phorbol  myristate  acetate  (PMA)  resulted  in  increased 
NBT  reduction  in  eveiy  case:  AOD  =  0.088  ±  0.059  (7).  Exposure  of  the  cells  to  PCP 
produced  an  aiq}arent  dose-dependent  inhibition  of  PMA-induced  NBT  reductimi  (Table  9). 
However,  sublethal  effects  (<  15  ppm)  produced  such  variable  results  (ranges:  5  ppm  -  0-39%, 
10  ppm  =  0-100%)  that  this  assay  was  not  continued  as  a  measure  of  in  vitro  PCP 
inununotoxicity.  The  CL  assay  provided  data  with  much  grea^  sensitivity  to  sublethal  PCP 
concentrations  (see  Table  5). 
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Table  8.  Viability  of  medaka  oiacropfaages  after  20  hour  exposure  to  PCP. 


PCP 

(ppm) 

Control 

5 

10 

15 

20 

30 

97.4  ±  1.8  (5) 

96.2  (1) 

93.7  ±  3.6  (5) 

89.S  ±  10.2  (2) 

45.5  ±  1.5  (2) 

18.5  (1) 

Table  9.  Percent  inhibition  of  NBT  reduction  by  20  h  exposure  to  PCP  (by  DMSO/KOH 
extraction) 


1 - 

PCP  (ppm) 

5 

10 

15 

20 

30 

]  22.8  ±  18.9  (4) 

53.2  ±  47.6  (6) 

27.7  (1) 

86.5  ±  1.1  (2) 

100.0  (1) 

5.  (Quantitative  NBT  reduction  by  medaka  macrq>hages  (via  pyridine  extraction),  as 
influenced  by  PCP  exposure. 

As  per  the  previous  section,  inhibition  of  NBT  reduction  after  20  h  exposure  to  PCP  was 
measured,  but  by  the  more  traditional  pyridine  extraction  method  (Baehner  and  Nathan,  1968). 
This  seemed  to  give  sli^tly  more  sensitivity  at  15  i^m,  but  gave  equally  variable  results  at 
lower  concentrations  (Table  10)  as  did  the  DMSO/KOH  m^hod  of  extraction  of  the  formazan. 
However,  working  with  hot  pyridine  is  potentially  more  hazardous  than  DMSO/KOH. 
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Table  10.  Percent  inhibition  of  NBT  reduction  by  20  h  exposure  to  PCP  (by  the  pyridine 
extraction  method). 


1 

PCP  (I 

>pm) 

1  ^ 

10 

15 

20 

25 

30 

1  13.6  ±  30.4  (5) 

99.6  ±  10  (5) 

100.0  (2) 

100.0  (1) 

100.0  (2) 

6.  Extracellular  superoxide  release  by  oiedaka  cells:  the  effect  of  20  h  PCP  exposure. 

Attempts  were  mada  in  three  experimmits  (covering  diffoent  ranges  of  PCP 
concentrati(His)  to  detect  modulation  of  Ob  {voduction  via  the  cytochrooK  c  assay.  Preliminary 
results  showed  no  dose-dependency  and  uninterpretable  data,  such  as  only  45.5%  inhibition  at 
50  ppm  (a  dose  known  to  be  lethal  to  >82%  of  the  macrophages  (Table  8).  This  data  is 
presented  in  Table  11.  This  assay  was  not  ctmtinued  in  light  of  the  greater  sensitiviQr  and 
reproducibility  of  (X  as  a  measure  of  the  effects  of  xenobiodcs  on  ROI  production  (Table  5). 


Table  11.  Percent  inhibition  of  Oi  production  by  20  h  exposure  to  PCP  (via  cytochrome  c) 
by  medaka  macrophages. 


1  PCPl 

[ppm) 

1  ^ 

15 

20 

25 

30 

50 

1  29.6  (1) 

15.5  (2) 

0(1) 

10.0  (2) 

8.1  (1) 

45.5  (1) 
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7.  In  Vivo  Exposure  of  Medaka  to  Pentachlorof^nol 

Pentachlorq)henol  concentrations  <  75  ppb  pnxkiced  about  the  same  mortality  as  that  seen 
in  the  control  groups;  however,  200  ppb  PCP  was  rapidly  ledial  (Table  12). 

Table  12.  Cumulative  Mortality  of  NaPCP  (based  on  3  studies) 
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The  peak  CL  response  of  macrophages  was  significantly  inhibited  (P<  0.001)  by  14d 
exposure  of  mfdaka  to  100 NaPCP  in  the  first  experiment.  In  an  attempt  to  di^jlicate  this 
effect  and  to  establish  evidoice  of  dose-depoidency,  a  second  experimmit  was  carried  mit  with 
75,  100,  and  200  ppb.  As  noted  on  Table  13,  200  ppb  was  rapidly  lethal  to  the  fish;  however, 
3  cell  pools  of  macrq>hages  hrom  fish  remaining  alive  (m  day  3  were  anal3rzed.  Unfortunately, 
all  experimental  groups  in  experiment  two  were  not  different  from  ctmtrol  CL,  although  all 
amditions  were  as  identical  to  expoiment  one  as  possible.  A  third  in  vivo  experiment  was  run 
in  order  to  resolve  this  discrepancy  concerning  the  effect  of  100  ppb;  25  and  50  ppb  effects  woe 
also  measured.  After  one  wedc  none  of  the  expnimental  peak  CLs  differed  signifkandy  ftom 
the  controls,  however,  once  again  100  ppb  exposure  for  14  days  jvoduced  significant  (P  < 0.025) 
inhibition  in  peak  CL  (Table  13). 


Table  13.  Peak  Chemiluminescence  Values  (10*  x  cpm  ±  SD,  n  =  6/group)  of  Medaka 
Macrophages  Exposed  to  PentachkHX^henol  (in  vivo  exposure) 


Experiment 

NaPCP  coooei 

ttiBtioa  (ppb) 

- 1 

< 

0 

25 

50 

75 

100 

200 

1  (14  dsys) 

476  ±  64 

405  ±  187 

375  ±  164 

147  ±  46‘ 

2  (14  days) 

238  ±  48 

357  ±  109 

311  ±  245 

162  ±  110* 

3  (7  days) 

236  ±  84 

282  ±  74 

258  ±  97 

321  ±  46 

1  (14  da)rs) 

190  ±  25 

221  ±  50 

148  ±  36 

141  ±  29* 

'  Significantly  different  from  control  (P<0.(X}1) 

*  Data  from  only  3  cell  pools  on  day  3,  PCP  lethal  at  this  amcentratimi 

*  Signiflcantly  different  from  control  (P<  0.025) 
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Thus  it  appeared  that  sublethal  POP  exposure  of  medaka  in  vivo  could  cause  an 
immunotoxic  effect  in  pronephros  cells  similar  to  that  produced  by  in  vitro  exposure  of  the  cells 
to  the  same  chemical  stressor.  This  conclusion  is  based  on  results  from  two  of  three  preliminary 
studies  with  a  single  xenobiotic,  clearly  more  work  in  this  area  will  be  required.  Nevertheless, 
these  results  were  racouraging  and  suggest  that  immunotoxic  reqxMises  to  contaminated  water 
samples  may  indeed  be  measured  by  quantifying  (X  modulation  in  fish  phagocytic  blood  cells. 


CONCLUSIONS 

Among  other  sublethal  toxicological  endpoints,  immunosuf^Hession  can  be  produced  in 
mammals  by  chemical  exposure.  Moduladmi  of  immune  parameters  in  lower  animals  by 
exposure  to  environmental  contaminants  has  received  much  less  study.  This  project  was  an 
attempt  to  quantify  aspects  of  this  phenomenon  in  several  aquatic  species:  the  oyster  (Crassostrea 
virginica)  and  a  fish  (the  medaka,  Oryzias  latipes).  These  and  other  metazoan  species  utilize 
macrophages  as  a  drst  line  of  internal  defense  against  infectious  diseases;  the  cells  are  also 
important  in  antigen  processing  and  presentation  to  lymphocytes,  as  well  as  other 
immunoregulatory  functions.  Macrophages  represent  a  conserved  cell  type;  therefore,  it  is  likely 
that  immunotoxicological  data  obtained  from  macrophages  from  any  species  may  have  potential 
for  inter^)ecies  extrapolation.  The  aspect  of  macrophage  function  selected  for  this  study  was 
reactive  oxygen  intermediate  (ROI)  production,  a  function  intimately  associated  with  the  cells’ 
defensive  capacify  via  its  role  in  antimicrobial  activify.  Chemically-induced  reduction  in  ROI 
generation  by  macrophages  is  a  measure  of  immunosuppression,  which  is  probably  indicative  of 
increased  susceptibility  to  disease. 
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Work  carried  out  with  funding  from  this  grant  led  to  the  following  conclusions. 

Both  the  oyster  (C.  virginica)  and  the  medaka  (O.  latipes)  contain  macit^hages  that 
produce  reactive  oxygen  intermediates  (ROIs).  ROI  activity  was  measured  by  sevmal  in 
vitro  assays  that  detect  superoxide  anion  (O2'),  hydn^en  peroxide  (HiQi),  hydroxyl 
radical  (.OH)  and  mixtures  of  these  ROIs.  Macrt^hages  from  both  oysters  and  medaka 
inoduced  ROIs  in  short-term  culture  without  the  addition  of  re^iratory  burst  stimuli; 
however,  the  addition  of  such  stimuli  generally  resulted  in  increased  ROI  gen^atioo. 
This  increase  in  activity  was  seen  after  i^iagocytosis  of  particulates  (zymosan  or  yeast 
cells)  or  after  contact  with  ceil  surface  receptor-mediated  stimuli  (phoibol  myristate 
acetate). 

Cadmium,  a  common  environmental  contaminant,  was  shown  to  produce  a  dose- 
dependent  suppression  of  oyster  macrophage  chemiluminescence  (CL).  Macrophage  CL 
is  an  accurate  means  of  quantifying  ROI  production,  hence  immunocompetency.  These 
results  were  produced  by  in  vitro  exposure  of  the  macrophages  and  were  taken  as  an 
indication  of  potential  Cd  immunotoxicity.  Subsequent  in  vivo  e^qposure  of  oysters  to  Cd 
produced  no  consistent  CL  suppression  in  tlte  macn^liage  cell  population.  It  was 
determined  that  immuno-suppressive  intracellular  Cd  concentrations  reached  in  vitro  were 
not  reached  in  our  in  vivo  study.  It  was  likely  that  the  protective  effect  of  serum  proteins 
by  Cd  sequestration  noted  in  our  in  vitro  work  explained,  in  part,  the  in  vivo  results. 
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3. 


Oyster  hemocytes  were  shown  to  pro(hice  superoxide  (OD  by  nitroblue  t^razolium 
(NBT)  reduction,  both  microscopically  and  quantitatively  following  extraction.  NBT 
reduction  was  recorded  in  unstimulated  macrr^hages  withdrawn  from  animals  throughout 
the  year,  but  significant  induction  by  phagocytosis  was  seen  only  in  cells  collected  from 
oysters  collected  from  warm  environments  (21°  ■  29°C)  vs.  those  collected  in  cool^  (2° 

-  13°Q  times  of  the  year.  The  apparent  seasonality  of  ROI  producticm  by  oyster 
macrophages  had  not  been  previously  determined. 

4.  (Quantitative  NBT  reduction  by  medaka  macrophages  consistently  showed  levels  over 

resting  when  stimulated  by  phorbol  myristate  acetate  (PM A).  Incubation  with 

pentachlorophenol  (PCP)  produced  dose-dependent  reduction  in  cell  viability;  however, 
while  the  apparent  reduction  in  NBT  reduction  tended  to  increase  with  PCP 
concentration,  the  effect  was  not  entirely  dose-dependent  and  was  highly  variable. 
Another  Oj  assay  using  ferricytochrome  C  to  measure  ROI  inhibition  produced  by  PCP 
exposure  gave  no  better  results. 

5.  Medaka  macrophages  produced  a  strong  phagocytically-induced,  luminol-dependent  CL 
response.  The  magnitude  of  this  (X  response  was  strongly  influenced  by  the  presence 
of  sublethal  PCP  concentrations  in  vitro.  In  this  way  the  immunosuppressive  effects  of 
pure  PCP  (analytical  grade,  A-PCP)  on  medaka  CL  was  quantified.  The  effect  was 
attributed  to  the  activity  of  A-PCP  as  an  uncoupler  of  oxidative  pho^orylation. 
Technical  grade  PCP  (T-PCP)  is  contaminated  with  various  dioxins  and  dibenzofurans 
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which  are  thought  to  exert  their  toxic  activities  via  interaction  with  the  Ah  recqitor.  T- 
PCP  was  only  slightly  more  immunosuppressive  than  A-PCP,  as  measured  by  inhibition 
of  medaka  macrc^hage  CL.  The  presence  of  the  Ah  recetKcn*  in  fish  macix^hages  has 
not  been  determined;  however,  it  has  been  reported  in  fish  hqiatocytes. 

6.  In  vivo  PCP  exposure  studies  were  carried  out  with  medaka.  It  was  found  that  62/65 
(-95%)  of  the  fish  survived  14  day  exposure  to  1(X)  R)b  PCP.  In  two  of  three  in  vivo 
exposure  studies,  the  CL  response  of  macrophages  withdrawn  fi-om  fish  exposed  to  1(X) 
ppb  PCP  was  significantly  inhibited;  in  all  studies,  lower  concentrations  (25,  50  75  ppb 
for  14  days)  produced  no  significant  effea. 

7.  These  preliminary  studies  suggest  that  (in  medaka)  a  chemical  (PCP)  identified  as  a 
potential  immunotoxicant  via  an  in  vitro  screening  test  (luminol-augmented  CL),  was  in 
fact  capable  of  sui^iessing  ROI  production  in  fish  exposed  to  sublethal  in  vivo 
concentrations.  It  is  recommended  that  additional  studies  along  these  lines  be  undertaken 
to  determine  the  generality  of  these  observations  using  other  environmental  xenobiotics. 
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